A stable variant of Methylomonas methanolica, with a higher temperature optimum for growth, was obtained after mutagenic treatment and selection. The mutant strain M13V has an optimum growth temperature of 35 to 370C and a maximum at 430C, as compared with 30 and 40°C for the wild strain. Strain M13V and M. methanolica have similar basic characteristics and cell composition. An extracellular polysaccharide is produced by both strains, but this property is more pronounced in strain M13V. In strain M13V the production is favored by high temperature, low growth rate, and oxygen limitation. In continuous culture of strain M13V, the polysaccharide production was partly growth associated and partly independent of the growth rate. The extracellular polysaccharide acted as a flocculating agent. A relationship between polysaccharide concentration and sedimentation rate was found. Biomass production from strain M13V is most effective at 350C with respect to both growth rate and substrate utilization. It was found that the yield coefficient for methanol was independent of the dilution rate, whereas the yield coefficient for oxygen increased and the production coefficient for carbon dioxide decreased at increasing dilution rates. These results are discussed in connection with the polysaccharide production.
strain M13V is most effective at 350C with respect to both growth rate and substrate utilization. It was found that the yield coefficient for methanol was independent of the dilution rate, whereas the yield coefficient for oxygen increased and the production coefficient for carbon dioxide decreased at increasing dilution rates. These results are discussed in connection with the polysaccharide production.
Biomass production from the obligate methylotroph Methylomonas methanolica has been reported previously (11, 12) . The present investigation also concerns biomass production from methanol. Methods and results from experiments aimed at producing mutants with higher temperature tolerance are described. Some characteristic differences between M. methanolica and a mutant strain plus the growth characteristics of this strain with respect to biomass production are also investigated.
A strain isolated for biomass production should contain a number of relevant characteristics, such as a high growth rate and the ability to grow under conditions corresponding to high productivity. The organism should utilize the carbon substrate efficiently and have a minimal oxygen requirement. Factors such as the resistance to extreme conditions (e.g., mechanical stress and low pH), harvesting properties, and nutritional value also decide the suitability of a certain strain. One of the most important properties is the temperature optimum for growth. The strain should have as high a temperature optimum as possible, thereby diminishing cooling costs in the industrial process. Most methanol-utilizing bacteria reported in the literature have a temperature optimum of around 30°C, but there are some exceptions, such as the mixed culture isolated by Snedecor and Cooney (25) , which grows well at 50 to 560C. The formation of temperature-tolerant mutants seems to be a strain-specific character, either being a consistent phenomenon or not occurring at all. A number of mesophilic Bacillus species (B. subtilis, B. cereus, B. megaterium, B. circulans) investigated by Allen (1) were able to produce mutants capable of growth at 55 to 600C, whereas other species (B. coagulans, Pseudomonas sp., Streptococcus sp., Mycobacterium sp., and actinomycetes) did not APPL. ENVIRON. MICRAOBIOL. and with a maximum growth temperature of 53 to 55°C, could be adapted to grow at 72°C by a slow steady increase in the temperature (13) .
Neither the biochemical nor the genetical background of thermophily is clear. A review of the literature reveals many definite differences between mesophiles and thermophiles. Although there is extensive evidence on higher heat resistance in thermophilic ribonucleic acids, ribosomes (17) , and enzymes (24) , the molecular basis for this characteristic has not yet been resolved. In fact, these compounds are surprisingly similar to their mesophilic equivalents. Mechanisms such as a stabilizing action of cross-linking cations (21) and of the cell membrane (2, 4) may also contribute to thermal resistance. Another explanation for thermophily is an increased capacity for rapid resynthesis of heat-denatured compounds (1, 3) .
Thermophily is undoubtedly a complex of many mechanisms, which certainly cannot be explained in generalized terms. In fact, microorganisms are able to grow over a total temperature range of nearly 100°C. It is easy to visualize that the growth-limiting temperature is determined by the most heat-sensitive component in the cell, whether this is a single essential enzyme not being active over a certain temperature or the protein synthesis not being capable of keeping up with a faster turnover rate.
MATERIALS AND METHODS
Organisms. The obligate methylotroph M. methanolica has been described previously (11, 12) . Strain M13V is a mutant derived from M. methanolica.
Media. MM2 salt solution contained, per liter of distilled water: NH4C1, 0.8 g; Na2HPO4, 0.6 g; KH2PO4, 0.4 g; MgSO4-7H20, 0.2 g; FeCl3 6H20, 8.35 mg; CaCl2 2H20, 0.33 mg; ZnSO4 7H20, 0.09 mg; CoCl2 6H20, 0.09 mg; CuSO4 5H20, 0.08 mg; and MnSO4 * 4H20, 0.08 mg. The pH of this solution is 6.7. MM2 growth medium is the MM2 salt solution supplemented with 0.3% (vol/vol) methanol. This medium was used for shaken cultures.
For fermentor cultivations a medium with the following composition, per liter of distilled water, was used: H3PO4, 0.92 g; MgSO4-7H2O, 0.28 g; H2SO4, 0.25 g; Ca(H2PO4)2 H2O, 0.13 g; KH2PO4, 0.12 g; Fe2(SO4)3 * 7H2O, 65.80 mg; ZnSO4 * 7H2O, 4 .90 mg; CuCl2 2H2O, 3 .01 mg; MnSO4*H20, 0.43 mg; H3BO3, 0.08 mg; CoCl2 -6H20, 0.06 mg; Na2MoO4, 0.03 mg; and citric acid, 0.20 g (to avoid precipitation). This medium has a low pH (approximately pH 2). The pH is adjusted by titration with NH40H, adding nitrogen to the medium. The nitrogen content in the growth medium can thus vary, depending on the desired pH level. During growth, a salt solution of the same basic composition as above is added to the culture at the same rate as the ammonia solution used for controlling the pH. For balanced cultivation conditions, described earlier (11), the ammonia solution contains 20 Dry weight for strain M13V was measured by centrifuging 10-ml samples (duplicate or triplicate) in predried centrifuge tubes. The supernatant was drained off, and the tubes were dried at 105C overnight, cooled over silica gel, and finally weighed.
Carbon, nitrogen, and hydrogen in biomass were analyzed in an automatic elemental analyzer (Carlo Erba 1102), and the metals were analyzed by atomic absorption spectrophotometry (Varian Techtron AA-5).
The methanol concentration in flow medium for continuous culture was measured by gas chromatography in a Varian model 940 chromatograph with a Porapak Q column (6 feet by 0.125 inch [ca. 182.9 by 0.32 cm]) at 130°C and a flame ionization detector.
The quantitative estimation of polysaccharide formation of strain M13V was performed by the method of Scott and Melvin (23) .
Oxygen and carbon dioxide were measured in the outgoing airstream from the continuous culture. Samples were periodically injected in a Varian gas chromatograph, model 920, via a 1-ml sampling loop. The gas chromatograph was equipped with a thermistor detector and two columns in a series: one column (6 feet by 0.125 inch) with Porapak Q at 80°C for separating carbon dioxide and one column (6 feet by 0.125 inch) with Molecular Sieve 5A at room temperature for separating oxygen and nitrogen. The second column was inserted between the sample detector and the reference detector. For calibration, standard gas with 5% carbon dioxide and 20% oxygen was used (AGA, Lidingo, Sweden). Calculations of oxygen uptake and carbon dioxide production were based on the formula given by Fiechter and von Meyenburg (16) , which requires data on oxygen and carbon dioxide in ingoing and outgoing airstreams and on the flow of the ingoing airstream and cultivation volume.
Mutagenic treatment. A shaken culture of M. methanolica was harvested in the logarithmic growth phase, centrifuged, and washed twice in an MM2 salt solution. The culture was suspended again in 25 ml of the same salt solution to an approximate density of 2 x 108 cells/ml, and the pH was adjusted to 6.0. As a mutagen, N-methyl-N'-nitro-N-nitrosoguanidine was added to a final concentration of 100 tLg/ml. After 4 min of incubation at 30°C, the suspension was rapidly filtered through a 0.45-tLm membrane filter and washed. The filter was transferred to a shaking flask with 25 ml of MM2 growth medium and incubated overnight at the temperature that was optimal before the mutagenic treatment, thus allowing phenotypic expression. The mutagenic procedure gave a surviving fraction of approximately 25%. The whole procedure was performed under sterile conditions. Temperature gradient incubator. A linear temperature gradient was obtained in a block of aluminium (60 by 10 by 10 cm) by pumping thermostatically controlled hot water through internal loops at one end ofthe block and cold water at the other end. Two parallel rows of 20 holes (diameter, 1.6 cm; depth, 5 cm), designed to contain test tubes, were placed in the direction of the gradient. In this way it was possible to measure in duplicate the bacterial growth in a liquid medium at 20 different temperatures. The -aluminium block also contained two long channels (48.5 by 1.2 by 1.2 cm) for incubating on a solid substrate. The temperature could be checked at five points along the gradient by inserting thermometers in separate holes. A total temperature range of 30°C was usually applied, with terminals at 20 and 500C. Similar devices have been described by others (20) .
To determine temperature optimum curves, 3 ring. MM2 growth medium (9.5 ml) saturated with air was added to the system. Thereafter, 0.5 ml of a concentrated bacterial culture, suspended in MM2 salt solution, was added to the reaction vessel. Oxygen consumption was measured by the decrease in dissolved oxygen and continuously recorded. From known data on oxygen solubility in water at varying temperatures, the oxygen saturation value of the liquid in equilibrium with air was calculated. The slope of the decreasing dissolved oxygen signal was then proportional to the oxygen consumption rate. The records had an initial time lag of a few seconds before dissolved oxygen began to decrease linearly. Below 30% dissolved oxygen, the consumption rate was slower, and this part was not used in the calculations. If the cell suspension in the reaction vessel contains approximately 1 mg (dry weight)/ml, then the whole experiment takes only 2 to 3 min at 300C.
Streptomycin resistance. Streptomycin sulfate was added at various concentrations to shaking flasks with MM2 growth medium. The flasks were inoculated and incubated at the appropriate temperature. The OD was measured initially, five times at hourly intervals, and finally after 24 h of incubation.
Sedimentation. The sedimentation rate of strain M13V was analyzed directly in untreated samples from a batch culture. A 5.0-ml amount of the culture was transferred to a standard test tube, which was placed in a Beckman model C colorimeter containing a red filter. The OD was continuously recorded. The photocell was placed 2 cm from the bottom of the test tube so that the sediment would not interfere with the OD readings. When the cell sedimentation began, a record of decreasing OD against time was obtained. Since the initial OD for the sample was always higher than what could be directly measured, the sedimentation record started at the moment that the OD fell within the resolution power of the instrument. This meant that the record described the last sedimentation front passing the photocell. However, the records showed some inconsistencies at low OD; therefore, the time required for the OD to decrease from 1.3 to 0.7 was taken as a standard of the sedimentation rate.
RESULTS
Thermotolerant variants of M. methanolica. M. methanolica has a growth optimum of 300C, and the growth-limiting temperature is 400C (Fig. 1) after prolonged incubation.
Selection of temperature-tolerant mutants after mutagenic treatment. After mutagenic treatment and phenotypic expression, the culture was spread on the agar strips in the temperature gradient incubator. The continuous bacterial growth formed a clear front line at the maximum growth temperature. The strips were screened for single colonies above the upper temperature growth limit for the culture. If no individual colonies could be found outside the confluent bacterial growth, either the culture was used unselected in the next mutagenic treatment or the front line of bacteria at the maximum temperature was isolated. Between each mutagenic treatment, a temperature optimum curve and a growth curve were measured for the isolated culture or for the unselected culture. The fraction that showed the highest temperature optimum was prepared for a new mutagenic treatment. If the temperature optimum had changed, the routine incubation temperature was changed correspondingly.
After five mutagenic treatments, a strain with an elevated temperature optimum was finally isolated. Figure 1 shows temperature optimum curves for the wild strain and for a culture (derived from a single colony on the agar strips) after the last mutagenic treatment. This curve has a broad optimum plateau, ranging up to 350C, indicating a mixture of mutants and wild types. The selected culture was then subjected to cultivations at 40 and 450C. This treatment seemed to induce drastic changes in one single step. After the first cultivation at 400C, the temperature optimum curve shows a completely different pattern from that previously (Fig. 2) . The optimum range is extended to 370C, the maximum growth limit is elevated to 430C, and the maximum OD is increased. Additional cultivations at 40°C seemed to simplify these properties (Fig. 2) . However, the OD values in Fig. 2 should be divided by 2 to enable a comparison of them with those in Fig. 1 . The remaining difference is still significant and turns out be a stable characteristic of the isolate when cultivated under the same conditions as the wild strain. It can be explained partly by an increased tolerance against a low pH in the isolate. Later examinations also showed that the relation of dry weight to OD is lower for the isolate than for the wild type.
Simultaneously with the first change of temperature pattern, a large part of the population showed mucoid colonies. In this case additional cultivations at 40°C also seemed to amplify the new property. After further shock cultures at 450C, the new colony type was isolated in a pure culture. The strain was, to start with, unstable and formed colonies of varying morphology. Some of these were typical colonies of the wild type. Through deliberate selection of the new colony type, a strain (M13V) was finally obtained, which appeared to be completely stable. After 2 years in the laboratory, it still retains its characteristics: a temperature optimum of 35 to 37°C and a maximum growth limit at 430C.
Comparisons of the wild and the mutant ,ug of streptomycin sulfate per ml.
As noted earlier, the mutant strain is more resistant toward a low pH than is the wild strain. The upper growth limit for both strains is pH 8.5. M. Methanolica cannot grow at a pH of below 5.3, but the mutant still grows at pH 4 and is not totally inhibited until the pH approaches 3.5. Thus, the mutant has obtained an extended range of pH tolerance.
Strain M13V can, like M. methanolica, utilize methanol and methylamine as sole carbon sources. It requires (as does M. methanolica) an adaptation period before growth can commence on methylamine.
The elementary composition of the two strains is similar ( Table 2 ). The nitrogen content of 13.45% in strain M13V corresponds to a crude protein content of 84.06%.
Extracellular polysaccharide formation. The mucoid appearance of the colonies of strain M13V originates from the production of an extracellular slimy substance. The supernatant from liquid cultures of strain M13V, which becomes highly viscous at high cell densities, Fig. 3 . A product concentration (P) of 2 g/liter was found at a cell density (X) of 11 g/liter at the end ofthe growth phase. Figure 4 shows the specific rate of product formation (dP/dt .1/X), the production rate (dP/dt), and the product yield (Ypl,; grams of product produced per gram of biomass) as a function of the growth rate. This diagram illustrates mainly polysaccharide production in the declining batch phase. The specific rate of product formation reached its maximum in the late logarithmic phase and decreased gradually in the declining phase. However, the total production rate and product yield increased throughout the declining phase, and the maximum amount of product did not accumulate until growth had practically ceased. Similar results have been reported for polysaccharide production in other species (15) . The same pattern for product formation was found in batch cultures at 30 and 370C.
However, the product concentration and production rate varied with the temperature. The synthesis of the polysaccharide evidently increased with increasing temperature (Table 3) .
The production of the extracellular polysac-- 5) . Sedimentation properties. The mutant strain M13V has the ability to sediment spontaneously and precipitate completely from the untreated cultivation medium when left standing. M. methanolica only shows a very slight tendency to do so. However, upon the addition of supernatant from a mutant culture, an otherwise untreated culture of the wild strain starts to sediment. When only mutant cells are added, no sedimentation occurs. The mutant itself also fails to sediment if it is centrifuged and resuspended in fresh medium. It is therefore most likely that the polysaccharide in the medium causes the sedimentation, thus acting as a flocculating agent. The concentration of this factor proved to be essential. The sedimentation rate, measured as described above, increased with increasing biomass and thereby with increasing concentrations of the product (Fig. 6 ) until it reached a maximum level. Sedimentation was almost complete. The final OD value in the sample was approximately 0.2, which should be compared with initial values of 10 to 20. Biomass production in batch cultures of strain M13V. The maximum specific growth ratte, Aax, was measured in a number of fermentor batch cultivations at different temperatures (Table 4) . The optimum growth temperature was 350C, with a /Uma. of 0.50 h-1, which is the same as for M. methanolica at 300C (Table   decl ining 4). It soon became evident that oxygen was a critical factor in biomass production from strain M13V. The high viscosity developing during growth decreases the actual oxygen transfer rate to levels much lower than those predicted from sulfite oxidation values. Maximum productivity in a batch culture at 35'C (oxygen transfer rate = 400 mmol of 02/liter per h, sulfite oxidation value) was 2.05 g/liter per h, and the final biomass concentration was 11 g/ liter. Growth was logarithmic to 3.0 g/liter, with a productivity of 1.50 g/liter per h at the end of the logarithmic growth phase.
Biomass production in continuous culture of strain M13V. Growth and productivity in a methanol-limited chemostat precisely followed the results predicted after the batch culture experiments. Maximum (Table 4) . The yield coefficient for methanol was further determined at various dilution rates at 35'C. The effective YX/S thus measured was independent of the growth rate, with a mean value of 0.39 (Fig. 7) . The yield coefficient for oxygen, Yo2 (grams of 02 consumed per gram of biomass produced), and the production coefficient for carbon dioxide, Wco2 (grams of CO2 produced per gram of biomass), were also determined at steady-state conditions at various dilution rates at 350C (Fig. 7) . The yield coefficient for oxygen increased with increasing growth rate, whereas carbon dioxide production decreased with increasing growth rate. Consequently, as a result of these relationships, the carbon conversion factor (Cbiomass/Cmethanol)
.r (calculations based on an average carbon content in the biomass of 46.18%) was constant, while the oxidation quotient OQ (moles of 02 consumed per mole of CH3OH consumed) decreased and the respiration quotient RQ (moles of CO2 produced per mole of 02 consumed) increased slightly with increasing growth rates (Fig. 8) The two methods for obtaining temperaturetolerant variants, i.e., slowly increasing the temperature and incubating at temperatures above the growth maximum, were unsuccessful. However, after five mutagenic treatments it was possible to isolate a mutant of M. methanolica with extended temperature tolerance.
At 400C the culture grew perfectly in repeated transfers and even grew (although poorly) at 45°C, which had not been possible earlier. Thus, the mutagenic treatment had induced changes in the culture, as already shown in the temperature optimum curve (Fig. 1 ), but these characters were not fully expressed until selected (Fig. 2) .
Polysaccharide production. Production of exopolysaccharides is a regular phenomenon in bacteria in general and has also been reported for methanol-utilizing bacteria (6, 8) . The results reported here were obtained under standard cultivation conditions. However, the polysaccharide production might be susceptible to changes in the environment other than temperature. Extracellular polysaccharide production is usually favored by nutrient limitation, especially nitrogen or phosphorus limitation, in the presence of excess carbon and energy sources (15, 27) , thereby providing a high ratio of C to N. Other nutrients, e.g., Ca2+ and Mg2+, are reported to be required for stimulating the polysaccharide production (7). Oxygen is usually required for maximal polymer production (15) , although this is not always the case (14) .
In the continuous culture of strain M13V, polysaccharide production was found to be partly growth associated and partly independent of the growth rate. In a methanol-limited chemostat at 35°C, the following equation be- The kinetics of polysaccharide production in batch culture follows essentially the same law but are more complex. The values for the specific rate of product formation and product yield were higher in the declining batch phase than in continuous culture. In batch culture the growth-limiting factor is mainly oxygen, with an excess of carbon and nitrogen. In continuous culture the carbon source was used as the limiting factor, whereas oxygen and nitrogen were in excess. These results indicate that high polymer production is favored by a low growth rate and oxygen limitation in an excess of a carbon source. The importance of the extracellular substance is the sedimentation properties that it gives to strain M13V and M. methanolica. Aggregation of microbial cells by polymers is well documented (18) . If synthetic (5) or naturally produced (10) polymers are used as flocculating agents, an optimal concentration is required for maximal aggregation. This condition is also valid for the sedimentation rate of strain M13V. In a production process in which harvesting small bacterial cells is one of the big economical and technical problems, it is an obvious advantage if a strain with aggregating properties can be used.
Biomass production. The maximum value of YX/s for strain M13V was found at 35°C, the optimal growth temperature. The yield coefficient for methanol was independent of the growth rate, but oxygen demand and carbon dioxide production decreased at higher growth rates. The two latter features can possibly be explained in terms of a more effective energy metabolism at high growth rates. The decrease in polysaccharide production at high growth rates should mean that less energy is required per gram of biomass, as is apparently reflected in the decreased carbon dioxide production. On a molar basis, the oxygen demand decreased more drastically than did the carbon dioxide production, as revealed by an increased respiratory quotient. This can be explained partly by less oxygen being required for incorporation in the product and partly by the lower energy requirement. One would thus expect that the conversion efficiency of methanol was also affected at high growth rates. Correction for residual methanol in the chemostat would not affect the experimental data appreciatively since occasional measurements showed that outgoing methanol was at the most about 1% ofthe input methanol concentration. The constant Yx,s results, in fact, in a decreasing cellular yield since less organic material is produced totally from the same amount of methanol. This can, of course, happen if the maintenance energy required increases with the growth rate, but would, on the contrary, result in increased carbon dioxide production. Up to this point it has been assumed that the biomass has a constant composition. The carbon conversion factor was also calculated on the basis of an average carbon content of the cells. If the cell composition changes with the growth rate, the yield coefficient for methanol could still be the same, but the carbon conversion factor would change.
This could then give an indication of the carbon flow from methanol to biomass, carbon dioxide, and product. But it is certainly not possible to fully explain these relationships without any knowledge about the stoichiometry and energy requirements for the product formation. Summarizing the characters of strain M13V from a production aspect, one can conclude that its growth characteristics, i.e., high growth rate at 3500, favorable values of YX/s and Yo, in combination with a wide pH range, and the extremely valuable sedimentation property, make it attractive as a production strain. Negatively, there is a rather low productivity that is caused by oxygen limitation due to the viscosity created by the polysaccharide. There are, however, good reasons to believe that the production of this substance can be manipulated in such a way that a balance between its negative and positive effects can be achieved. If conditions for minimal polysaccharide production could be defined, it is easy to visualize a twostep continuous culture in which biomass is produced during the first stage and the culture is allowed to produce the sedimentation causing polysaccharide in the second stage.
